The effects of limiting concentrations of ammonium on the metabolic activity of Nitrosomonas europaea, an obligate ammonia-oxidizing soil bacterium, were investigated. Cells were harvested during late logarithmic growth and were incubated for 24 h in growth medium containing 0, 15, or 50 mM ammonium. The changes in nitrite production and the rates of ammonia-and hydroxylamine-dependent oxygen consumption were monitored. In incubations without ammonium, there was little change in the ammonia oxidation activity after 24 h. With 15 mM ammonium, an amount that was completely consumed, there was an 85% loss of the ammonia oxidation activity after 24 h. In contrast, there was only a 35% loss of the ammonia oxidation activity after 24 h in the presence of 50 mM ammonium, an amount that was not consumed to completion. There was little effect on the hydroxylamine oxidation activity in any of the incubations. The loss of ammonia oxidation activity was not due to differences in steady-state levels of ammonia monooxygenase (AMO) mRNA (amoA) or to degradation of the active site-containing subunit of AMO protein. The incubations were also conducted at a range of pH values to determine whether the loss of ammonia oxidation activity was correlated to the residual ammonium concentration. The loss of ammonia oxidation activity after 24 h was less at lower pH values (where the unoxidized ammonium concentration was higher). When added in conjunction with limiting ammonium, short-chain alkanes, which are alternative substrates for AMO, prevented the loss of ammonia oxidation activity at levels corresponding to their binding affinity for AMO. These results suggest that substrates of AMO can preserve the ammonia-oxidizing activity of N. europaea in batch incubations by protecting either AMO itself or other molecules associated with ammonia oxidation.
Autotrophic ammonia oxidation is an environmentally and economically significant process that has been largely characterized at the molecular level in a single bacterial isolate, Nitrosomonas europaea (17) . Ammonia-oxidizing bacteria are thought to live primarily in oligotrophic environments, such as in soils or the open ocean, where ammonium is often present in extremely low concentrations (17) . Thus, ammonium limitation (when ammonium is present in amounts that can be metabolized to completion) and starvation (survival in the absence of ammonium) are important environmental stresses to which these bacteria must adapt. However, although much is known about the general metabolism of ammonia-oxidizing bacteria (27) , little is known about their physiological responses to limiting ammonium concentrations.
Previous studies of ammonium limitation and starvation in N. europaea have focused on cells either attached to a solid matrix or in suspension culture. When provided with limiting ammonium, N. europaea cells attached to a solid matrix grew slowly and exhibited problems with adhesion (18) . When N. europaea cells attached to a sand matrix were starved of ammonium for 7.7 to 43.2 days, they were immediately capable of producing nitrite upon reintroduction of ammonium (1) . However, in suspension cultures, N. europaea cells starved for up to 42 days showed an increasing lag period in nitrite production after ammonium was reintroduced. This study indicated that N. europaea cells were more capable of tolerating ammonium starvation in biofilms than in suspension cultures, perhaps due to the production of and response to the "quorum-sensing molecule," N-acyl homoserine lactone (1, 24) . Ammonium starvation studies in liquid cultures have also been conducted with the marine isolate Nitrosomonas cryotolerans (11, 13) , a close relative of N. europaea. When incubated in ammoniumfree medium for up to 25 weeks, N. cryotolerans cells did not die but their endogenous respiration rate and ability to oxidize ammonia decreased significantly within the first week (13) . Physiological studies of N. cryotolerans cells starved for 10 weeks showed no changes in protein, DNA, or RNA levels; the cells did not miniaturize; an active electron transport system was maintained; and the intracellular ATP levels were stable (11) . These responses were markedly different from those observed in energy-starved heterotrophic bacteria, in which the listed attributes changed markedly (2, 15, 20) .
In contrast to the above studies, the present study has focused on the responses of N. europaea to ammonium limitation and starvation in batch incubations over a shorter timescale (24 h ). Because ammonia oxidation is the central metabolism of N. europaea, this study has focused primarily on the changes in ammonia-and hydroxylamine-oxidizing activities. The metabolic activities of ammonia monooxygenase (AMO) and the subsequent flow of reductant through the electron transport chain to the terminal oxidase can be measured by the rate of NH 4 ϩ -dependent O 2 uptake (6). The rate of hydroxylamine (NH 2 OH)-dependent O 2 uptake measures the metabolic activity from hydroxylamine oxidoreductase (HAO) through to the terminal oxidase. By measuring these activities independently, we were able to determine whether the observed changes in this study were specific to the ammonia oxidation activity or to an activity from hydroxylamine oxidoreductase to the terminal oxidase.
The activity of AMO is regulated by the presence of ammonia at the transcriptional (21) , translational (7, 23) , and posttranslational (23) levels. Therefore, we wanted to determine if there was also an effect on the ammonia oxidation activity when cells were exposed to limiting concentrations of ammonium. We found that ammonium limitation leads to dramatic and specific changes in only the ammonia oxidation activity within 24 h. These changes occur strictly at the posttranslational level and can be ameliorated by the presence of ammonium or the addition of alternative substrates for AMO. However, these effects were observed only when the incubation mixtures contained ammonium, not when ammonium was absent from the beginning. Thus, these results represent effects from limiting ammonium concentrations rather than starvation of ammonium.
MATERIALS AND METHODS

Materials.
Reagents for electrophoresis were obtained from ICN Biochemicals (Costa Mesa, Calif.). Na 2 14 CO 3 (6.2 mCi/mmol) was supplied by Sigma. [␣-
32 P]dCTP (3,000 Ci/mmol) was supplied by DuPont-NEN Products (Wilmington, Del.). All other chemicals were of reagent grade.
Growth of N. europaea. Batch cultures (1.5 liters) of N. europaea (ATCC 19178) were grown in Erlenmeyer flasks on a rotary shaker (200 rpm) at 30°C in the dark. The defined growth medium was as previously described (6) . Cells were harvested during late logarithmic growth by centrifugation (10,000 ϫ g for 10 min) 3 days after inoculation. The cell pellet was resuspended and sedimented three times in 1.5 ml of sodium phosphate buffer (50 mM NaH 2 PO 4 , 2 mM MgCl 2 [pH 8.0]). The cells were resuspended in sodium phosphate buffer (1.5 ml) and incubated at 4°C for 12 to 18 h to allow degradation of intracellular amoA mRNA (21) . No changes in the NH 4 ϩ -or NH 2 OH-dependent O 2 uptake activities occurred during this period (data not shown).
Batch incubations. In the experiments in this study, we monitored the changes in NH 4 ϩ -and NH 2 OH-dependent O 2 uptake activities and nitrite production from cells originally harvested during late logarithmic growth. The batch incubations were conducted in Erlenmeyer flasks (125 ml) containing 25 ml of ammonium-free medium (pH 8.1) which contained Na 2 CO 3 (4 mM). Ammonium sulfate was added to achieve a final concentration of 0, 15, or 50 mM ammonium. The reactions were initiated by the addition of washed cells (250 l; ca. 10 9 cells ⅐ ml
Ϫ1
), and the reaction mixtures were incubated at 30°C on a rotary shaker (200 rpm) in the dark. The pH of the incubations was not controlled by adding additional buffer because of the negative effects of high ionic strength on the cells. At the indicated times, samples (1 ml) of the incubation medium were removed and the cells in these samples were sedimented (14,000 ϫ g for 2 min). The resulting supernatant was collected and used to determine the accumulation of nitrite (5) and the pH of the incubation medium. The sedimented cells were washed, resuspended in sodium phosphate buffer (50 l), and used to measure the NH 4 ϩ -and NH 2 OH-dependent O 2 uptake rates (hereafter referred to as ammonia and hydroxylamine oxidation activities, respectively) (6) and protein concentrations (4 . The total remaining ammonium in the medium after the 24-h incubation was determined by microdiffusion followed by Nesslerization as previously described (3). In incubations initiated at different pH values, the pH was adjusted with 10 N HCl. The incubations including short-chain alkanes were conducted in sealed glass vials (160 ml), and the gas was added as an overpressure to the headspace in the vials. The concentration of each alkane in the liquid phase of the incubation was calculated from the coefficients for Henry's law constants for gases in water (22) .
Analysis of amoA gene expression. Batch incubations of N. europaea cells were conducted in NH 4 ϩ -free medium (150 ml) containing 0, 15, or 50 mM ammonium in Erlenmeyer flasks (500 ml). The incubations were initiated by the addition of washed cells (1.5 ml), and the flasks were incubated on a rotary shaker at 30°C in the dark. Total RNA was isolated from aliquots (24 ml) from each incubation at the indicated time points in a CsCl step gradient (19) . Northern hybridizations were performed on Nytran membranes (Schleicher & Schuell, Keene, N.H.). The same amount of RNA was loaded onto each lane (2 g). Hybridization standardization was assessed by hybridization with a 23S rRNA probe, obtained by PCR with genomic N. europaea DNA as a template, and the oligonucleotide primers S2301 and S23R01 (25) . A probe for amoA mRNA (21) was used for specific transcript hybridization. Hybridization was quantified by exposure on a storage phosphor screen with Imagequant software (Molecular Dynamics, Sunnyvale, Calif.). The efficiency of hybridization was determined by loading an equal amount of mRNA from ammonia-induced cells and normalizing the amoA signal from this control for each blot. Na 2 14 CO 3 labeling reactions. Batch incubations were conducted in glass serum vials (160 ml) sealed with butyl rubber and aluminum crimp seals. Ammoniumfree medium (30 ml) containing 4 mM Na 2 CO 3 , 0, 7.5, or 25 mM (NH 4 ) 2 SO 4 , and 5 Ci of Na 2 14 CO 3 (2 to 10 mCi ⅐ mmol
) was added to the vials. The incubations were initiated by the addition of washed cells (300 l), and the vials were shaken at 30°C in the dark. At the indicated time points, aliquots were sampled (1 ml), the cells were sedimented (14,000 ϫ g for 2 min), and the supernatant was discarded. The cell pellets were solubilized in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (100 l) and frozen at Ϫ80°C. The apparent molecular masses of the polypeptides visualized on SDS-PAGE gels (12% polyacrylamide) were determined by comparison with R f values for molecular mass markers as described previously (6) . Polypeptides that had accumulated 14 C from the fixation of Na 2 14 CO 3 were visualized by exposure on storage phosphor screens (Molecular Dynamics). Densitometry was conducted with Imagequant software.
RESULTS
Time-dependent changes in ammonia oxidation activity from cells incubated in batch cultures containing different amounts of ammonium. Changes in nitrite production and ammonia oxidation activity were monitored over a 24-h time course for cells incubated with 0, 15, or 50 mM ammonium. Within 6 h, all of the ammonium was consumed in the incubation containing 15 mM ammonium, as shown by the accumulation of 15 mM nitrite in the medium (Fig. 1A) . The complete conversion of the 15 mM ammonium to nitrite was confirmed by the direct measurement of less than 0.1 mM total ammonium (NH 3 and NH 4 ϩ ) after 6 h (data not shown). In contrast, the incubation containing 50 mM ammonium retained up to 27 mM ammonium and produced up to 23 mM In the incubations containing either 15 or 50 mM ammonium, there was a stimulation in the ammonia oxidation activity within the first 2 h (Fig. 1B) . The extent of the increase in ammonia oxidation activity was smaller for the cells incubated in 15 M ammonium than for those incubated in 50 mM ammonium, which was similar to the previously characterized stimulatory effect of ammonia on AMO activity (23) . By 12 and 24 h, the ammonia oxidation activity in the incubation with 15 mM ammonium had declined to approximately 40 and 15%, respectively, of its preincubation level (Fig. 1B) . However, the activity of ammonia oxidation in the incubation with 50 mM ammonium was near 80% of its initial level after 12 h and at approximately 65% after 24 h. In the incubation without ammonium, there was no detectable stimulation of ammonia oxidation activity and no dramatic loss of ammonia oxidation activity after 12 h, and the activity had declined to only about 78% of its initial level after 24 h. In contrast to the ammonia oxidation activity, the hydroxylamine oxidation activity remained relatively stable, ranging between 78 and 100% of the initial level in all of the incubations, and did not correlate with changes in the ammonium concentration (data not shown).
Expression of the amoA gene in response to changing levels of ammonium. The results from Fig. 1 suggested that the levels of ammonia oxidation activity were responsive to both the initial amount of ammonium in the incubation medium and the changes occurring in the incubation medium over time. Because there was such a large difference after 24 h between the amount of ammonia oxidation activity in the incubations with 15 or 50 mM ammonium, we wished to investigate the nature of the activity loss by analyzing the effects on AMO levels. To this end, the steady-state levels of amoA mRNA transcript were examined by Northern hybridization of RNA from cells incubated in medium containing 0, 15, or 50 mM ammonium. A small amount of amoA transcript was detectable in all of the samples at the beginning of each incubation ( Fig. 2A) . Hybridization to the 23S rRNA molecules was performed to show that equivalent amounts of RNA were loaded in all of the lanes ( Fig. 2A) . Between 4 and 6 h, there was a large amount of specific hybridization to the amoA transcript in the incubations containing 15 or 50 mM ammonium (Fig. 2B) . However, both the increases and decreases in the amoA mRNA pools occurred at approximately the same rate in the incubations with 15 or 50 mM ammonium, indicating that the differential losses of ammonia oxidation activity seen in Fig. 1 were not correlated to differences in amoA gene expression. In the incubation without ammonium, the small amount of initial transcript continued to decay until it was undetectable by Northern hybridization (Fig. 2B) .
Stability of AMOa protein. We examined the changes in the levels of both newly synthesized and preexisting AMOa, a 27-kDa polypeptide containing the enzyme active site (8) , to determine if the loss of activity observed in the incubation with 15 mM ammonium was due to the degradation of AMO protein during the 24 h incubation. To visualize the de novosynthesized polypeptides, N. europaea cells were incubated in medium containing 0, 15, or 50 mM ammonium in the presence of Na 2 14 CO 3 . The incorporation of 14 C into AMOa continued for up to 4 h and then stabilized after approximately 6 h (Fig. 3A) . The total amount of labeled AMOa polypeptide was similar in cells incubated in medium with either 15 or 50 mM initial ammonium (Fig. 3B) . Furthermore, the amount of radiolabeled polypeptide remained stable for the rest of the 24-h incubation with no indication of degradation. In the incubation without ammonium, there was no detectable protein synthesis, confirming the results from a previous study (7) . The total radiolabeled protein profiles from cells incubated in 15 or 50 mM ammonium were generally equivalent in banding pattern and label intensity, indicating that the changes in the ammonia oxidation activity were not due to visible differences in general protein synthesis (data not shown).
A culture of N. europaea was also grown in the presence of 15 Ci of Na 2 14 CO 3 to incorporate 14 C into all proteins throughout the growth of the culture. The cells were then subjected to the same incubations as above to determine whether the preexisting pool of AMOa was subject to degradation and could account for the loss of ammonia oxidation activity. Measurable loss of the radiolabeled AMOa polypeptide was not observed for 24 h, regardless of the ammonium concentration, further indicating that protein degradation did not account for the loss of ammonia oxidation activity during the incubations (data not shown).
Influence of the remaining ammonium on ammonia oxidation activity. The above experiments suggested that the loss of ammonia oxidation activity was probably due to either the posttranslational loss of AMO activity or the loss of a factor required for ammonia oxidation but not for hydroxylamine oxidation. To directly investigate the role of ammonium and its involvement in the loss of ammonia oxidation activity, incubations with 0, 15, or 50 mM ammonium were conducted with the medium at a variety of starting pH values from 5.5 to 8.0. Ammonia oxidation is an acidogenic reaction. In the presence of excess ammonium, the pH of the medium decreases during ammonia oxidation until it is sufficiently low that further ammonia oxidation is prevented. If the starting pH is lowered, the amount of ammonia which must be oxidized to reach this limiting pH is decreased. Thus, at lower pH values, more ammonium remained in the medium of incubations containing 15 or 50 mM initial ammonium (as measured by a less nitrite production, data not shown).
In an incubation with 15 mM ammonium at pH 5.5, about 77% of the initial ammonia oxidation activity remained after 24 h (Fig. 4A) . At more basic pH values, less ammonia oxidation activity remained after 24 h. For example, at pH 6, 45% of the activity remained, whereas at pH 8, 17% of the activity remained. The level of remaining activity correlated with the amount of ammonium remaining in the medium. For example, at pH 5.5, all of the ammonium remained in the incubation medium, as indicated by the lack of nitrite accumulation (data not shown). At pH 6.0, approximately 2 mM ammonium remained.
In contrast to the incubations containing 15 mM ammonium, all of the incubations containing 50 mM ammonium maintained about 62% of the original ammonia oxidation activity regardless of the initial pH or the remaining ammonium in the medium (Fig. 4A) . At least 23 mM ammonium remained in the incubations initially containing 50 mM ammonium (data not shown). In incubations without ammonium, the ammonia oxidation activity varied considerably, between 65 and 112% of the original level, but the variation did not correlate with the pH of the incubation medium (Fig. 4A) . Changes in the hydroxylamine oxidation activity did not correlate with differences in the medium pH in any of the incubations, although it did range between 78 and 98% of the original level (Fig. 4B) .
Effect of short-chain alkanes on ammonia oxidation activity. Because residual ammonium appeared to prevent some of the loss of ammonia oxidation activity, we wished to determine whether this phenomenon was limited to ammonium or if other AMO substrates could provide a similar protection of ammonia oxidation activity. Therefore, cells were incubated with 0, 15, or 50 mM ammonium and with a range of methane concentrations from 0 to 0.32 mM in the liquid phase of the incubation. These concentrations corresponded to additions of 0 to 25% (vol/vol) of the gas headspace of the vials. Methane is a competitive inhibitor of ammonia oxidation by AMO (10, 12) and was thus considered an appropriate substrate for comparison to ammonium. In incubations with limiting ammonium, 15 mM, higher methane concentrations resulted in more protection of ammonia oxidation activity during the 24-h incubation (Fig. 5A ). For example, with 0.06 mM methane in the liquid phase of the incubation (5% [vol/vol] of the gas headspace), approximately 17% of the original ammonia oxidation activity was maintained. With 0.19 mM methane (15% [vol/vol] of the gas headspace), 50% of the ammonia oxidation activity remained, and with 0.32 mM methane (25% [vol/vol] of the gas headspace), 76% of the ammonia oxidation activity was preserved.
In the incubations with 15 mM ammonium, virtually all of the ammonium was consumed and the pH declined to 6.7 (data not shown). However, about 1 mM ammonium could not be accounted for as nitrite produced. The discrepancy in nitrite production and ammonia consumption was presumably due to the conversion of nitrite to nitrous oxide when the atmosphere in the sealed vials became O 2 limited several hours after the ammonium was oxidized to completion (data not shown) (16) . With 0 or 50 mM ammonium in the incubations, the ammonia oxidation activity remained relatively constant (between 70 and 80% of the original level after 24 h) and was thus not affected by the presence of methane (Fig. 5A) . The hydroxylamine oxidation activities fluctuated between 62 and 85% of the original level but did not follow a noticeable trend with methane concentration (Fig. 5B) .
Other alkanes-ethane, propane, and butane-were also tested for their ability to confer protection on ammonia oxidation activity in the presence of limiting ammonium concentrations (Table 1 ). All three of these alternative substrates are classified as noncompetitive inhibitors of ammonia oxidation by AMO and have different affinities for the enzyme (9, 14) . In the incubations containing 15 mM ammonium, all of the alkanes (including methane) protected the ammonia oxidation activity to an extent that correlated with their binding affinity for AMO. The dissociation constant (K iE ) is 3.24 mM for methane, 0.22 mM for ethane, 1.4 mM for propane, and 0.92 mM for butane (14) . Thus, in incubations with 15 mM ammonium, ethane protected the ammonia oxidation activity to the greatest extent, followed by butane, propane, and then methane (Table 1; Fig. 5 ). The different solubilities of the alkanes in the liquid phase of the incubations did not alter the correlation between protection of activity and binding affinity for AMO. For example, butane had the lowest solubility in water of any of the alkanes tested but it protected more ammonia oxidation activity than did propane or methane (Table 1 ; Fig. 5 ).
The presence of the alkanes led to more complex actions on the hydroxylamine oxidation activity than on the ammonia oxidation activity. For example, the presence of ethane and butane resulted in a dramatic loss of hydroxylamine oxidation activity in incubations containing 15 mM ammonium whereas the presence of propane and methane resulted in a smaller degree of activity loss. The interactions of the alkanes leading to the loss of hydroxylamine oxidation activity are unclear but may be the result of feedback inhibition by hydroxylamine, the diversion of an inactivating agent from its preferred target to HAO, or the inactivation of HAO by the products of alkane oxidation, mainly alcohols and aldehydes (26) .
DISCUSSION
The purposes of this study were to determine whether limiting amounts of ammonium have a unique regulatory effect on the ammonia-oxidizing activity of N. europaea and to expand the knowledge of the physiological responses of ammoniaoxidizing bacteria to limiting substrate concentrations. The concentrations of ammonium chosen for this study fit the criteria for comparing the effects of ammonium starvation (0 mM; ammonium is immediately removed), ammonium limitation (15 mM; all of the ammonium is consumed during the incubation), and nonlimiting ammonium (50 mM; excess ammonium remains at the end of the incubation) on the metabolic activity of these bacteria. Our results suggest that in batch incubations of N. europaea, the limiting ammonium concentration, 15 mM, resulted in a large loss of ammonia-oxidizing activity-specifically via AMO, or molecules associated with ammonia oxidation, but not HAO-over a 24-h time course (Fig. 1) . In contrast, little change in the ammonia oxidation activity was observed in the absence of ammonium and only a small loss occurred when ammonium was abundant.
Because only the ammonia oxidation activity was affected in the batch incubations, we examined the regulation of AMO at the transcriptional and translational levels. The same steadystate levels of amoA mRNA were synthesized and degraded in the incubations with limiting or nonlimiting concentrations of ammonium, indicating a lack of differential regulation at the transcriptional level (Fig. 2) . Furthermore, the subunit of AMO which contains the active site was not degraded over the 24-h time period in any of the incubations, with or without ammonium (Fig. 3) . Therefore, the loss of ammonia oxidation activity was probably due to a posttranslational modification of AMO, the inactivation of an electron carrier such as a cytochrome or quinone that delivers reductant to AMO for further ammonia oxidation, or the loss of another molecule associated with ammonia oxidation. Perhaps the loss of ammonia oxidation activity is similar to the activity loss characterized in a previous study of the regulatory effects of NH 3 and pH on AMO activity (23) . In the previous study, cells were incubated with 50 mM ammonium and the ammonia oxidation activity increased and then returned to a level similar to that measured at the beginning of the incubation over an 8-h period. This response is similar to the present result with abundant ammonium (50 mM) in the incubation, although some additional activity loss was observed during the more extended, 24-h incubation. In contrast, the dramatic loss of ammonia oxidation activity in the ammonium-limited incubations suggests that an additional mechanism is at work in this case. It is possible that the dynamic pH changes which occur during ammonia oxidation contributed to the losses of activity in the incubation with 15 mM ammonium. However, pH changes alone cannot explain the greater amount of remaining activity and the lower pH in the incubation with 50 mM ammonium than in the incubation with 15 mM ammonium. Furthermore, there was no difference in the amount of remaining activity after 24 h with 50 mM ammonium at any pH between 5.5 and 8 (Fig. 4) . This lack of a specific response to pH is interesting because dynamic pH changes most probably occur in natural environ- The results of the present study suggest that the presence of an AMO substrate can ameliorate most of the inactivating effects on ammonia oxidation activity when ammonium is limiting in the incubation. First, only a modest loss of ammonia oxidation activity was observed in the presence of nonlimiting ammonium concentrations ( Fig. 1 and 4) . The preservation of ammonia oxidation activity in incubations with abundant ammonium was correlated with the presence of a large amount of unoxidized ammonium remaining in the incubation medium after 24 h. Second, this apparent protective effect of ammonium was further defined and characterized by the results in Fig. 4 , in which the incubation medium was made more acidic to prevent the complete oxidation of ammonium. Third, the alternative AMO substrates, methane, ethane, propane, and butane, could also protect the ammonia oxidation activity once the ammonium was completely consumed in the incubations with limiting ammonium concentrations ( Fig. 5 ; Table 1 ). Because the K iE for ethane is the lowest of the alkanes tested, more of the ammonia oxidation activity was preserved with 15 mM ammonium and ethane than with the same concentration of methane, propane, or butane, regardless of the concentration of the alkanes in the liquid phase of the incubations. Furthermore, the extent of protection decreased as the K iE for the substrate increased. These results suggest that AMO must interact directly with a substrate molecule to avoid the deleterious effects of the inactivating agent.
The experiments conducted in the absence of ammonium corroborated observations made in previous studies of ammonium starvation in obligate ammonia-oxidizing bacteria (1, 11, 13) . The ammonia and hydroxylamine oxidation activities did not change considerably during the 24-h incubations under any of the conditions tested. These results suggest that in the absence of ammonium, cells remain physiologically stable and do not react unless the surrounding environment is altered.
This study is different from the previous studies of ammonium limitation or starvation in obligate ammonia oxidizers (1, 11, 13, 18) , primarily because both ammonium and the end products of ammonia oxidation, nitrite and an acidic environment, accumulated and remained in the medium throughout the experiment. Thus, the effect of the incubations on ammonia oxidation activity was not necessarily due to the effect of ammonium limitation only but, rather, was due to the effect of the changing culture conditions over time. For example, the stimulation in ammonia oxidation activity during the first few hours of the incubations with 15 or 50 mM initial ammonium (Fig. 1 ) was most probably due to regulated events influencing AMO activity in response to changes in the proportion of NH 3 to NH 4 ϩ , as described previously (23) . However, the further loss of ammonia oxidation activity in the incubation with 15 mM ammonium was most probably due to both the loss of the protective effects of ammonium and to the toxic effects of other environmental components, mainly nitrite and the acidic environment, since these are the only other aspects that changed during the incubation. This model of changing culture conditions and their effects on ammonia oxidation activity would explain why none of the effects were observed when ammonium was absent from the incubations.
Our results demonstrate that the presence of AMO substrates, especially substrates that have a high binding affinity for AMO, is capable of protecting the ammonia-oxidizing activity in incubations with limiting ammonium concentrations. This phenomenon has broad implications for both the physiology of ammonia-oxidizing bacteria and our understanding of the interactions between AMO and its substrates. Most importantly, because ammonium and other substrates can protect the energy-generating activity of ammonia-oxidizing bacteria from the potentially toxic by-products of their metabolism, the interactions between ammonia oxidizers, their metabolic substrates, and other microbes in the environment may be defined by avoidance of this toxicity.
